Objective Basic science studies demonstrated a general intramyocardial angiogenetic response potentially responsible for the creation of a microvascular neocapillaries network assisting myocardial function. We hypothesized that the benefit provided by the reperfusion of left anterior descending (LAD) territories and the biological angiogenetic drive triggered by the revascularization could translate in a global improvement in ventricular contractility, not restricted to the grafted area. Methods High-risk patients with multivessel coronary artery disease and preoperative wall motion abnormalities were retrospectively analyzed to compare outcomes and regional ventricular function of those who received optimal medical therapy (OMT) versus those who underwent off-pump coronary artery bypass grafting (OPCABG) and received an incomplete myocardial revascularization using left internal mammary artery (LIMA) on LAD (OPCABG group). From January 2007 to December 2014, 206 patients (OMT, n = 136, OPCABG, n = 70) were propensity-score matched to have 70 matched pairs. Variables included in propensity score analyses were ejection fraction (EF), left ventricular end diastolic volume (LVEDVi), EuroSCORE II. Primary endpoint was the variation in the global wall motion score index (ΔWMSI) as evaluated by transthoracic echocardiography. Follow up was completed at 3 years from surgery or hospital discharge. Results Regional analysis of ventricular function revealed a regional WMSI improvement in the OPCABG group not only for LAD territories but also for non-LAD regions, associated with a reduction in the negative left ventricular ischemic remodeling, compared to patients discharged in optimal medical therapy. Global ΔWMSI was negative in OPCABG group (-3.4 ± 2.8%) and positive in the OMT group (5.9 ± 3.1%), indicating a better wall motion score for OPCAB patients. Surprisingly, regional WMSI improved also in non-grafted territories in the off-pump CABG group with a delta value of -3.7 ± 5.3% for left circumflex artery (LCX) area and -3.5 ± 5.4% for right coronary artery (RCA) area. Conclusions In patients with multivessel coronary artery disease, LIMA-to-LAD grafting is associated with an improvement in the WMSI involving also the surrounding non-LAD ungrafted segments and with the attenuation of negative global and regional ischemic ventricular remodeling.
Introduction
 After its initial introduction by Dauerman in 2011, [1] the concept of "reasonable incomplete surgical revasculariza-tion" continued to be considered an acceptable option in certain circumstances, as testified by a comprehensive metanalysis by Zimarino and colleagues summarizing recent percutaneous coronary intervention (PCI) and coronary artery bypass grafting (CABG) trials and demonstrating the long-term satisfactory outcomes of this "incomplete" approach. [2] Results from large surgical trials, as the BARI trial, suggested the idea that grafting more than one target other than left anterior descending artery (LAD) did not confer any long-term advantage and was associated with an increased mortality risk. [3] Interestingly, large real life study demonstrated that an incomplete revascularization (ICR) of the circumflex or right coronary artery territories when the LAD was grafted with the left internal mammary artery (LIMA) to LAD graft, did not adversely affect early or long-term survival in patients with multivessel coronary artery disease (CAD). [4] Also, in our group we recently demonstrated that in a subset of high-risk patients with multivessel coronary artery disease, not eligible to on-pump surgery or percutaneous procedures, an off-pump CABG (OPCABG) approach with LIMA to LAD territory provided a survival benefit when compared to optimal medical therapy. [5] Possible explanations of these findings are thought to be found in the reperfusion extent and the biological effects on the myocardium provided by LAD revascularization. Indeed, on a side the reperfusion of the LAD is thought to guarantee blood supply to the vast majority of the anterior wall and protect from fatal arrhythmias. On the other side, basic science studies demonstrated a general intramyocardial angiogenetic response initiated by the ischemia/reperfusion phenomenon potentially responsible for the creation of a microvascular neocapillaries network assisting myocardial function. [6] [7] [8] [9] However, the mechanisms underlying the survival benefit in incomplete revascularization remain still unrevealed. We hypothesized that the benefit provided by the reperfusion of LAD territories and the mentioned biological angiogenetic drive triggered by the revascularization could translate in a global improvement in ventricular function and contractility, i.e. not restricted to the grafted area, ultimately justifying the survival benefit described in the literature.
Methods

Study design and patients' characteristics
From January 2007 to December 2014, 206 high-risk patients with multivessel CAD and multiple comorbidities were retrospectively analysed to compare outcomes and regional ventricular function of those who received optimal medical therapy (OMT, n = 136) versus those who underwent OPCABG (n = 70) and received an incomplete myocardial revascularization using LIMA on LAD, in our Centre (Università Campus Bio-Medico di Roma, Rome, Italy). The study was designed to target "high-risk" patients with coronary anatomy unfavourable to percutaneous coronary intervention and not eligible for any other technique of revascularization because of the hostile comorbidity profile. Patients received a complete and multidisciplinary clinical evaluation, and underwent blood tests, electrocardiography, chest X-rays, echocardiogram, epiaortic Doppler-ultrasound and coronary angiography. Surgical option was proposed to all patients. Patients who refused the operation due to personal decision, were discharged in good clinical conditions with indication to medical therapy to control ischemia-related symptoms according to the guidelines for ischemic heart disease [10] and were assigned to the OMT group in the study. Alternatively, patients who gave consent for surgery, underwent OPCAB with LIMA to LAD and were discharged in OMT (OPCABG group).
Definition of "high-risk" and enrolment criteria included both EuroSCORE > 6% and presence of at least one risk factors discussed in Table 1 , as previously described. [11] [12] [13] [14] Patients with multivessel CAD who received OPCAB for procedural or anatomical reasons were not considered in our study. Inclusion and exclusion criteria are listed in Table 1 . To flatten potential biases related to patient selection and the retrospective nature of the study, a propensity score matching analysis was performed. Variables included in the propensity score analysis were ejection fraction (EF), left ventricular end diastolic volume (LVEDVi), EuroSCORE II. This led to the generation of 70 paired couples (OMT = 70, OPCABG = 70) with perioperative similar characteristics (see methods).
Patients were all discharged in antiplatelet therapy with aspirin, associated with a maximum tolerated nitrate and anti-hypertensive therapy with angiotensin converting enzyme inhibitor ramipril or, if not tolerated, angiotensin receptor antagonist valsartan. Beta-blocker therapy with bisoprolol was provided to all patient, and in case of contra-indication it was replaced with cardio-selective calcium channel antagonists diltiazem. Underlying domiciliary therapy was continued. Patients were followed at our Centre every 6 months after discharge with interview and clinical examination. Follow up was concluded in December 2017 and was updated at the third year after surgery or discharge, with a telephonic interview with the patients or one of his relatives and an echocardiographic evaluation performed at out Centre by two blinded experienced cardiologists.
Endpoints
Primary endpoint was the variation in the global wall motion score index (ΔWMSI) (17 segments) as evaluated by transthoracic echocardiography. Secondary endpoints included regional ΔWMSI [LAD, left circumflex artery (LCX), right coronary artery (RCA) territories], variation in ejection fraction (ΔEF), changes in indexed left ventricular end diastolic volume (ΔLVEDVi), indexed left ventricular end systolic volume (ΔLVESVi), left ventricular end diastolic diameter (ΔLVEDD), left ventricular end systolic diameter (ΔLVESD), and clinical outcomes. Delta-variables are expressed as the % difference from baseline [(follow up -preop) / pre op * 100], with "follow up" values evaluated at 3 years from surgery. Clinical outcomes included survival from all-cause mortality, cardiac mortality, and major adverse cardiac events (MACEs: cardiac mortality, myocardial infarction, rehospitalization for heart failure).
Regional WMSI re-evaluated after angiography to assess variable segments according to angiography's results. Segments for LAD were 1, 2, 7, 8, 13, 14, 17; segments for LCX were 5, 6, 11, 12, 16; segments for RCA were 3, 4, 9, 10, 15. Segment 9 could be attributed to RCA or LAD, segments 5 and 11 could be attributed to RCA or LCX, segments 6, 12 and 16 could be attributed to LAD or LCX.
Operative technique
OPCAB was performed under general anaesthesia, median sternotomy, with an epicardic stabilizer (Octopus Tissue Stabilizers, Medtronic), using the common surgical procedure. Bypass graft was performed using the skeletonized LIMA on LAD. Patients were extubated after a mean time of four hours after surgery, and 12 patients (17.1%) required blood products. Intensive Care Unit stay was 1.45 ± 1.14 days. Patients were discharged in good clinical conditions 5.24 ± 1.77 days after surgery.
Statistical analysis
The comparison between mean values was performed with Student t-test or Mann-Whitney test for independent samples, according to D'Agostino-Pearson test for Normal distribution. Comparisons in tables were performed using Chi-square test. Matched pairs data were analysed with paired tests or McNemar's test. Causes of death were classified as cardiac or non-cardiac depending on the medical records documentation, and deaths of unknown causes were considered as cardiac. For the matched population, survival and freedom from MACEs were evaluated using Kaplan-Meier plots, and significance was studied with stratified Log Rank for matched pairs data. Cox regression was performed using "enter" method and stratified on the matched pairs, and proportionally-hazard assumption was tested and verified with Schoenfeld residuals. Unmatched population was analyses with non-stratified tests. Propensity score analysis was performed with a 1-to-1 nearest neighbour matching algorithm using a logistic regression. Variables included in propensity score analyses were EF, LVEDVi, EuroSCORE II. Propensity score was estimated and evaluated with STATA packages "psmatch2" and "pstest" (Supplementary Table 1 , Supplementary Figure 1) . Statistical analysis was performed using STATA Statistics/Data Analysis (StataCorp 13.0, College Station, Texas; 2013). Results were considered statistically significant in case of a P value less than 0.05. 
Results
Results are presented and discussed for the matched population. Results of the unmatched population are shown in Supplementary tables and figures. Preoperative characteristics are given in Table 2 . Mean age was 79.1 ± 4.6 for OPCABG and 78.4 ± 4.0 for OMT group with a mean EuroSCORE II of 8.79 ± 1.66 and 8.87 ± 1.83, respectively. Demographic variables, echocardiographic parameters and WMSI evaluation was similar in the two groups.
Clinical outcomes
In-hospital mortality was 4.2% (3 patients) with no other significant postoperative complication in the OPCAB group. At the end of the follow up, overall mortality and cardiac-related mortality were higher in the OMT group (P = 0.023 and P = 0.050, respectively) (Figure 1 & 2) . Major cardiac events occurred in 41.4% of OPCABG group and in 70.0% of OMT group (P = 0.001) (Figure 3 ). Hazard ratio for clinical complications for OMT group was more than two-fold than OPCABG group (Table 3) . (Table 4, Table 5 )
Echocardiographic outcomes
Regional analysis of ventricular function revealed a regional WMSI improvement in the OPCABG group not only 
Echocardiographic variables
Δ Ejection fraction, % 7.9 ± 6.7 4.5 ± 14.9 0.001 Δ LVEDD, % 8.9 ± 2. for LAD territories but also for non-LAD regions, associated with a reduction in the negative left ventricular ischemic remodeling, compared to patients discharged in optimal medical therapy. Global ΔWMSI was negative in OPCABG group (3.4 ± 2.8%) and positive in the OMT group (5.9 ± 3.1%), indicating a better wall motion score for OPCABG patients. Surprisingly, regional WMSI improved also in non-grafted territories in the OPCABG group with a delta value of 3.7 ± 5.3% for LCX area and 3.5 ± 5.4% for RCA area.
In the OPCAB group, ejection fraction increased from baseline to follow up and this was paired with a reduction in the left ventricular volumes and diameters (ΔEF 7.9 ± 6.7%, ΔLVEDVi 3.7 ± 1.7%, ΔLVESVi 4.8 ± 2.0%). On the other hand, patients in the OMT group tended to have a progressive increase of the left ventricular chambers with impaired EF over time (ΔEF 4.5 ± 14.9%, ΔLVEDVi 2.0 ± 1.5%, ΔLVESVi 2.4 ± 1.4%).
Discussion
In this study we found that LIMA-to-LAD revascularization in high-risk patients with preoperative wall motion abnormality resulted in improved global WMSI and cardiac function, with reduction in the negative left ventricular ischemic remodeling, when compared to patients discharged in optimal medical therapy. Surprisingly, regional WMSI was improved in a significant degree also in ungrafted non-LAD territories. These findings were ultimately associated with improved survival and freedom from major adverse cardiac events in the surgical group.
While the survival advantage in the surgical cohort was expected and actually reflects the findings described in the literature, [5] the functional improvement of myocardial segments of the left ventricle not directly involved in the revascularization is intriguing. Beside the caveat of the inter and intra-observer variability with echocardiography, the finding of a statistically significant improvement in global WMSI in the context of a single-territory revascularization allows to reliably speculate the induction of a phenomenon of positive remodeling after LAD reperfusion.
Interestingly, we were able to detect such a positive effect also remotely from the LAD territory, in regions not topographically involved with the primary revascularization act. Basic science literature demonstrated the existence of a general angiogenetic response initiated by reperfusion and sustained by the local release of cytokines, [6] [7] [8] [9] conveying towards the idea of a "pro-angiogenetic wave" progressively expanding the neovascularization process territorially from the region directly subjected to revascularization to the adjacent territories with a paracrine mechanism. [6] [7] [8] [9] The paracrine diffusion of angiogenetic mediators would ac-count for the progressive spreading of a microvascular network of neocapillaries within the affected myocardium, justifying the restored function of segments of myocardium not directly involved by the original revascularization procedure. [15] Several factors and molecular converging pathways have been claimed to be at the root of this phenomenon such as nitric oxide mediated angiogenesis, positive left ventricular remodeling and inhibition of apoptosis [7, 9, 16] and many of these molecular patterns are still to be unrevealed. Obviously, this theory is purely speculative in character and an actual demonstration of such a mechanism would be very hard in the context of this and other human trials, however, it is interesting to note that the general consensus about the benefit of arterial graft LIMA-to-LAD (the only graft used in this study) and its superiority over vein graft relies on the belief that the LIMA graft is able to release higher concentration of nitric oxide [17, 18] and pro-angiogenetic growth factors. [19] In this context, recent experimental effort aimed at defining differences between arterial and venous tissues using proteomic approaches have further deepened our understanding in this field elucidating molecular pathways related not only to nitric oxide and angiogenesis but also to cytoskeleton activity regulation, [20] migrative capacity of vascular smooth muscle cells, extracellular matrix composition, coagulation, apoptosis, and heat shock response. [21] Interestingly, the secretome of LIMA, revealed the presence of important mediators involved in crucial steps of atherosclerosis pathogenesis. [22, 23] All these evidences borrowed by the basic science literature could actually have a potential translation in the clinical side helping to provide explanations of the mechanisms underlying the clinical findings faced in clinical trials or retrospective analyses. In the current study, beside the limitations of its retrospective nature, of the intrinsic bias of echocardiography analysis and of the impossibility to prove the occurrence of molecular patterns in the clinical setting, the idea of a "pro-angiogenetic wave" nourished by the local release of cytokines and progressively migrating within the myocardium, could potentially explain the remote improvement of WMSI in territories far from LAD and in absence of other blood-supplying grafts. The potential translation of this global and regional motion improvements into improved survival and freedom from MACEs demonstrated in this study would surely deserve larger confirmatory studies, but the idea of a global attenuation of the negative ischemic ventricular remodeling and a survival benefit triggered by an incomplete surgical revascularization (LIMA-to-LAD) is intriguing and might also explain the difference in outcomes described in studies comparing percutaneous versus surgical incomplete revascularization. [24, 25] 
Limitations
Authors acknowledge the following limitations in this study. The retrospective nature of the study surely has affected the power and reliability of the results. However, propensity matched analysis has been used to reduce this bias. A potential third group constituted by complete revascularized CABG patients could have been added as "positive control". However, ethical reasons would prevent to perform such a study in a prospective manner and the population studied was at very high risk for conventional surgery. Indeed, in order to investigate the primary hypothesis, we selected a specific subset of patients and we compared outcomes and regional wall motion in a group receiving salvage incomplete revascularization versus a group only receiving medical therapy. Wall motion abnormalities would have been better identified by magnetic resonance imaging (MRI) perfusion scan, an ad hoc study in this context is on the way in our Centre at the moment. Tissue doppler was not available for all patients considering that was not routinely performed in our patients as a preoperative evaluation. We therefore decided not to include tissue doppler analysis in our data because of the presence of many missing data and the subsequent lack of reliability of results. Indeed, we used WMSI which is considered a relatively simple and reproducible way of evaluating regional motion with echocardiography.
Conclusions
In patients with multivessel coronary artery disease, LIMA-to-LAD incomplete revascularization improves WMSI also in non-LAD ungrafted segments, with an attenuation of negative global and regional ischemic ventricular remodeling. This might translate in improved survival, freedom from MACCEs and cardiac function compared to optimal medical therapy. Results are expressed as events and percentages. CI: confidence intervals; OMT: optimal medical therapy; OPCABG: off-pump coronary artery bypass grafting.
